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We prove that, in any flavor transition, neutrino oscillation CP violating asymmetries in matter
have two disentangled components: i) a CPT-odd T-invariant term, non-vanishing iff there are
interactions with matter; ii) a T-odd CPT-invariant term, non-vanishing iff there is genuine CP
violation. As function of the baseline, these two terms are distinct L-even and L-odd observables to
separately test (i) matter effects sensitive to the neutrino hierarchy and (ii) genuine CP violation in
the neutrino sector. For the golden νµ → νe channel, the different energy distributions of the two
components provide a signature of their separation. At long baselines, they show oscillations in the
low and medium energy regions, with zeros at different positions and peculiar behavior around the
zeros. We discover a magic energy E = (0.91± 0.01) GeV at L = 1300 km with vanishing CPT-odd
component and maximal genuine CP asymmetry proportional to sin δ, with δ the weak CP phase.
For energies above 1.5 GeV, the sign of the CP asymmetry discriminates the neutrino hierarchy.
PACS numbers: 11.30.-j, 13.15.+g, 14.60.Pq
The last two decades have seen a revolution in neu-
trino physics with the discovery of, and precision studies
on, flavor oscillations in atmospheric [1], solar [2], re-
actor [3] and accelerator [4] neutrinos. These phenom-
ena are interpreted in terms of non-vanishing masses and
flavor mixing, the unitary PMNS matrix describing the
mismatch between flavor and mass eigenstates. Global
fits to all observable quantities provide better and bet-
ter determination of the two mass differences ∆m221 and∣∣∆m231∣∣ and the three mixing angles [5–7]. Besides the
pending fundamental questions on the Dirac-Majorana
nature of neutrinos and their absolute mass scale, studied
by means of other methods, neutrino flavor oscillations
have novel challenges for the next-generation experiments
like T2HK [8] and DUNE [9]. Above all, once known
that the three mixing angles are non-vanishing [10–13],
they should answer whether the lepton sector of elemen-
tary particles also incorporates CP violation, opening the
door to concepts able to explain the matter-antimatter
asymmetry of the Universe through leptogenesis [14] at
higher energy scales. A second open problem is the or-
dering of the neutrino mass spectrum, with the so-called
Normal or Inverted Hierarchies associated to the positive
or negative sign of ∆m231.
Long baseline neutrino oscillation experiments propa-
gate neutrinos from the source, created as muonic fla-
vor, to the detector through the Earth mantle. The ob-
servation of CP violation needs an appearance experi-
ment to a different flavor, and the “suppressed” transi-
tion to the electronic flavor is favored. The correspond-
ing CP violation asymmetry, defined in terms of the
transition probabilities for neutrinos and antineutrinos
ACPαβ ≡ P (να → νβ) − P (ν¯α → ν¯β) , is an odd func-
tion of L/E, with L the baseline and E the relativistic
neutrino energy, iff the propagation takes place in vac-
uum. Independent of particular theoretical frameworks,
this observable is a bona-fide direct proof of CP violation.
However, in actual experiments the propagation takes
place in matter, which is CP-asymmetric, and a fake CP
violation is originated through the different interaction
of electron neutrinos and antineutrinos with the electron
density of ordinary matter [15, 16]. This complication in
the quest for a direct evidence of fundamental CP viola-
tion is widely recognized, and some observables [17–19]
have been tried for its separation. On the other hand,
matter-induced terms are welcome in order to obtain in-
formation on the neutrino mass hierarchy. Due to this
combined effect, the generalized attitude in the scientific
community has been to extract the CP phase δ in the
UPMNS mixing matrix from the global fits: a resulting
value different from 0 or pi is taken as evidence of CP
violation. Such a methodology is, however, not guar-
anteeing that the experiment did actually observe CP
violation —any quantity sensitive to δ would make this
job, as happens in bare transition probabilities due to the
CP-conserving cos δ terms.
The present paper represents the restoration of the
idea that a direct evidence of symmetry violation means
the measurement in a single experiment of an observable
odd under the symmetry. The Concept exploited here is
based on the fact that genuine and matter-induced CP vi-
olation have opposite behaviors [20] under the other dis-
crete symmetries of Time-Reversal T and CPT: whereas
genuine CP violation is odd under T and even under
CPT, the matter effect is T-even and CPT-odd. Al-
though they are well separated in the effective Hamil-
tonian, in general they are not in the experimental ob-
servables and, in particular, in the CP asymmetry. The
ideal way to solve this problem would be the indepen-
dent measurement of T-odd and CPT-odd asymmetries,
but this route requires sources of electron neutrinos and
antineutrinos above the muon mass energies, which is at
present unavailable for accelerator facilities. As an al-
ternative, our work consists in disentangling these two
components, genuine and matter-induced CP violation,
in the observable CP asymmetry.
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2Neutrino oscillations in matter are described through
the effective Hamiltonian in the flavor basis [15, 21–25]
H =
1
2E
U
m21 0 00 m22 0
0 0 m23
U† +
 a 0 00 0 0
0 0 0

=
1
2E
U˜M˜2U˜† , (1)
where the first term describes neutrino oscillations in vac-
uum and the second one accounts for matter effects. The
a parameter is given by a = 2EV , with V the inter-
action potential and E the relativistic neutrino energy.
For antineutrinos, U → U∗ and a → −a. All neutrino
masses (M˜2) and mixings (U˜) in matter, i.e. eigenval-
ues and eigenstates of H, can be calculated in terms of
the parameters in the vacuum Hamiltonian (M2, U) and
a. Several analytical approaches have been presented in
the literature [26–29] using approximations based on the
hierarchical values of the different parameters. For later
purposes in this paper, we have developed [30] a pertur-
bative approach in ∆m221 –against ∆m
2
31– for any value
of a.
The exact Hamiltonian leads to the flavor oscillation
probabilities
P (να → νβ) = δαβ − 4
∑
j<i
Re J˜ ijαβ sin
2 ∆˜ij −
− 2
∑
j<i
Im J˜ ijαβ sin 2∆˜ij , (2)
where J˜ ijαβ ≡ U˜αiU˜∗αjU˜∗βiU˜βj are the rephasing-invariant
mixings and ∆˜ij ≡ ∆m˜
2
ijL
4E . Notice that both J˜
ij
αβ and
∆m˜2ij are energy dependent in matter. Due to the CPV,
CPTV a 6= 0 interaction, neutrinos and antineutrinos ac-
quire different masses and the complex mixings do not
satisfy the condition ˜¯J = J˜∗, where ˜¯J refers to antineu-
trinos. The T-odd genuine CP violation in matter needs,
on the other hand, J˜ 6= J˜∗, ˜¯J 6= ˜¯J∗. From these results
on the different behavior under the discrete T and CPT
symmetry transformations, one derives the Asymmetry
Disentanglement Theorem by separating the observ-
able CP asymmetry in any flavor transition into L-even
(CPT-violating) and L-odd (T-violating) functions,
ACPαβ ≡P (να → νβ)− P (ν¯α → ν¯β) = ACPTαβ +ATαβ , (3)
ACPTαβ = −4
∑
j<i
[
Re J˜ ijαβ sin
2 ∆˜ij − Re ˜¯J ijαβ sin2 ˜¯∆ij
]
,
ATαβ = −2
∑
j<i
[
Im J˜ ijαβ sin 2∆˜ij − Im ˜¯J ijαβ sin 2 ˜¯∆ij
]
,
where ACPTαβ is T-invariant and vanishes when a = 0,
whereas ATαβ is CPT-invariant and vanishes when the
flavor mixing is real, corresponding to the CP phase of
the PMNS matrix δ = 0, pi. Eqs. (2, 3) remain valid
for extended models with more mass eigenstates and a
rectangular mixing matrix.
For the three-neutrino model, the unique rephasing in-
variant associated to genuine CP violation J˜ is related to
its value in vacuum J = c12c213c23s12s13s23 sin δ [31] by
J˜ ≡ Im J˜12eµ =
∆m221∆m
2
31∆m
2
32
∆m˜221∆m˜
2
31∆m˜
2
32
J , (4)
This connection [32] between vacuum and matter is
due to the fact that the quantity characterizing CP vio-
lation in the flavor basis [33] remains invariant for any
flavor-diagonal interaction. The proportionality of J˜
with ∆m221 in Eq.(4) explains the absence of genuine CP
violation in the vanishing limit of this parameter, even if
there are three non-degenerate neutrino masses in mat-
ter. This transmutation from masses in vacuum to mix-
ings in matter was already observed in Ref. [34], where
the limit ∆m221 = 0 in vacuum led to U˜e1 = 0. The
complexity of J˜ ijαβ is entirely due to sin δ.
We illustrate in Figure 1 the power and expected be-
havior of the Disentanglement Theorem by a separate
representation ofACPTµe andATµe as function of the matter
potential a and the CP phase δ. The chosen (E, L) point
gives comparable values of the two components, showing
their appropriate parities under these two parameters.
FIG. 1. CPT-odd (up) and T-odd (down) components of ACPµe
at L = 1300 km and E = 0.75 GeV as function of a and δ.
3This and other results are produced from a full numer-
ical calculation of the νµ → νe transition produced by
the exact Hamiltonian (1), using the best-fit mixing pa-
rameters from Ref. [5] and assuming Normal Hierarchy,
unless otherwise specified. Figure 1 shows that ACPTαβ is
even in sin δ ∀a, and vanishes at a = 0 ∀δ, whereas ATαβ
is odd in sin δ ∀a, as requested by the theorem.
For neutrino propagation through the Earth man-
tle, valid for terrestrial accelerator neutrinos, the
value of the matter potential [35] allows us to write
a ≈ 3(E/GeV) ∆m221. In the energy region between
the two MSW resonances, ∆m221  a 
∣∣∆m231∣∣, valid
for both T2HK and DUNE neutrino energy spectra, one
may approximate the relation in Eq.(4) between J˜ in
matter and J in vacuum as [30]
J˜ ≈ ∆m
2
21∆m
2
31
|a|(1− |Ue3|2)
√
(∆m231 − a)2 + 4a∆m231|Ue3|2
J ,
(5)
where the proportionality factor is energy dependent
through a.
In the following we explore whether, at fixed L through
the Earth mantle, the energy distributions of ACPTµe and
ATµe present signatures of their separation in ACPµe for
T2HK and DUNE experiments.
FIG. 2. Energy distribution of the CPT-odd (up) and T-
odd (down) components of the CP asymmetry at T2HK. The
bands correspond to all possible values changing δ in (0, 2pi).
Figure 2 gives the predictions for the energy distri-
butions of ACPTµe and ATµe at an intermediate baseline
L = 295 km. It is worth to note the lack of oscillat-
ing structure in the neutrino energy for both terms of
the CP asymmetry. The magnitude of ACPTµe is small,
as expected, and slightly dependent on the CP phase δ
through the genuine CP-conserving small contributions
of order ∆m221, more visible at low energies. When these
results for a Normal Hierarchy are re-calculated for an In-
verted Hierarchy, the net effect is essentially a change of
sign in ACPTµe . On the contrary, the magnitude of ATµe is
proportional to sin δ, as predicted by Eq.(4), without any
degeneracy when δ is varied in the entire interval from 0
to 2pi. In addition, in this genuine term of the CP asym-
metry the hierarchy in the neutrino mass spectrum plays
no role: its sign remains invariant when the sign of the
largest mass splitting is changed. We conclude that the
sign of ACPTµe fixes the hierarchy whereas the magnitude
and sign of ATµe fixes sin δ.
The beautiful different behavior of ACPTαβ and ATαβ for
the discrimination of the hierarchy is well understood to
leading order in ∆m221: zeroth order for ACPTαβ , indepen-
dent of δ, and first order for ATαβ . The mass spectrum in
matter changes from neutrinos to antineutrinos as
∆m˜221 ↔ ∆ ˜¯m221 , ∆m˜231 ↔ −∆ ˜¯m232 , ∆m˜232 ↔ −∆ ˜¯m231 .
(6)
Under this exchange of neutrinos by antineutrinos, the
imaginary part of J˜ ijαβ , as that of J
ij
αβ , changes sign
whereas the real parts do not. As the CP asymmetries
are a difference between neutrino and antineutrino oscil-
lation probabilities, we discover that ACPTαβ is changing
its sign whereas the sign of ATαβ remains invariant under
the change of hierarchy, as seen in our numerical results.
The increase in the baseline from L = 295 km to
L = 1300 km has a very important implication: the ap-
pearance of oscillations in the low and medium neutrino
energy regions of the two distributions. There is a dif-
ferent pattern for the two components ACPTµe and ATµe
of the experimental CP asymmetry, with the zeros at
different values and ACPTµe changing its sign around the
zeros, whereas ATµe does not. This contrast is very well
apparent in the results we show in Fig.3.
Besides this additional effect of having in the different
energy distributions a signature to separate the two com-
ponents, all the other properties discussed above remain
the same, independent of the baseline. These are the
slight dependence of ACPTµe on δ due to effects of ∆m221
at low energies and the hierarchy discrimination with its
sign, as well as the proportionality of ATµe with sin δ in-
dependent of the neutrino hierarchy.
In our scan of the different energy distribution behavior
at L = 1300 km of the matter-induced ACPTµe and genuine
ATµe components of the CP asymmetry, we have discov-
ered a magic energy interval around E = 0.91 GeV with
a zero for ACPTµe and a relative maximum for
∣∣ATµe∣∣. We
checked that this energy value changes linearly with the
vacuum
∣∣∆m231∣∣ and is both Hierarchy-independent and
4FIG. 3. As Figure 2 for the DUNE experiment. Notice a
factor of 2 in the asymmetry scale with respect to Fig.2.
FIG. 4. Zooming Figure 3 at low E, superposing the CPT-
odd (green/solid) and T-odd (blue/dashed) asymmetries.
blind to all other fit parameters. This remarkable config-
uration is well seen in the results presented in Fig.4, with
the two bands for ACPTµe (green) and ATµe (blue). The
zero in ACPTµe is independent of δ, and ACPTµe changes its
sign around this first-order zero, whereas ATµe has a max-
imal value proportional to sin δ. This behavior ensures
that for a bin width up to the feasible [36] 0.15 GeV, the
mean value of ACPTµe is below 10%
∣∣ATµe∣∣max, whereas ATµe
is above 95% of its peak value.
To summarize, in this work we have provided a concep-
tual basis for disentangling genuine from matter-induced
CP violation in neutrino oscillations. This is achieved by
means of a theorem in which the experimental CP asym-
metry contains two terms with different behavior under
T and CPT symmetries. Whereas the matter-induced
component is an even function of the baseline, the gen-
uine CP violating term is odd in L, as for the case in
vacuum. In this separation ACPαβ = ACPTαβ +ATαβ we have
demonstrated that
• ACPTαβ is even in sin δ ∀a, and vanishes at a = 0 ∀δ,
whereas ATαβ is odd in sin δ ∀a.
• ACPTαβ , which is slightly dependent on δ at low ener-
gies, changes its sign in going from the Normal to
the Inverted Hierarchy whereas ATαβ remains the
same.
For flavor-diagonal interactions with matter, the gen-
uine CP violation condition in the flavor basis remains
the same for the propagation in matter and in vac-
uum. This implies a well defined proportionality be-
tween the genuine CP-odd rephasing-invariant mixings
for both cases, the proportionality factor given by energy-
dependent neutrino masses in matter.
The planned experiments for terrestrial neutrinos
propagating through the Earth mantle look for the CP
asymmetry in the golden channel νµ → νe at fixed base-
lines L and continuum energy spectra E of the neutrino
beam. In the search of appropriate signatures for the
separation of the two components of the CP asymmetry,
we have studied the two energy distributions, presenting
peculiar differences at fixed long baseline:
• The zeros are at different energies for ACPTµe and
ATµe, and their behavior around the zero is different:
ACPTµe changes sign whereas ATµe does not.
• In particular, we have discovered a magic config-
uration around E = 0.91 GeV at L = 1300 km
which presents a zero for ACPTµe , independent of δ,
and an extremal value for ATµe proportional to sin δ.
This energy value depends linearly on
∣∣∆m231∣∣. Cal-
culated for
∣∣∆m231∣∣ = (2.5 ± 0.03) × 10−3 eV2,
the magic energy is E = (0.91 ± 0.01) GeV. At
this Hierarchy-independent point, a measurement
of ACPµe with energy resolution up to 0.15 GeV di-
rectly probes genuine CP violation in the lepton
sector.
• For energies above 1.5 GeV, the sign of the CP
asymmetry discriminates the neutrino hierarchy.
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